Abstract
INTRODUCTION
The efficacy of coronary artery bypass grafting (CABG) relies on the patency of the selected conduits for revascularization. Grafting of the left internal mammary artery (LIMA) to the left anterior descending (LAD) coronary artery is the gold standard in CABG and has shown both superior patency and improved survival [1] . As total arterial revascularization is pursued in CABG [2] , the radial artery (RA) is most commonly used as an arterial conduit. This is due to the use of new harvesting techniques and the development of antispasmodic drugs. Multiple studies have reported that the early and mid-term angiographic patency of RA exceeds 90% with respect to the target vessel location and target vessel stenosis [3] [4] [5] . Furthermore, patency of the RA approaches that of the internal mammary artery.
However, there are limited data on the long-term patency of these grafts, and the differences in patency between aortocoronary grafts and composite Y-grafts are unknown. The objectives of this study were to compare graft patency and clinical outcomes according to the proximal anastomosis site after off-pump coronary artery bypass (OPCAB) using the RA and to evaluate the risk factors for RA graft occlusion.
MATERIALS AND METHODS
From January 2001 to December 2015, 1282 consecutive patients who underwent isolated OPCAB using the RA as a conduit were retrospectively analysed at Severance Cardiovascular Hospital, Yonsei University College of Medicine. Of these, 158 patients who underwent other concomitant cardiac procedures, had minimal invasive or emergent surgery or were diagnosed with endstage renal disease were excluded from this study. The RA was proximally anastomosed either to the LIMA as a composite Y-graft (1014 patients; Y group) or to the ascending aorta (110 patients; Aorta group). After surgery, 98.4% [Y group, n = 1011 (99.7%); Aorta group, n = 95 (86.4%)] of the patients received graft assessments by computed tomography or coronary angiography (CAG) at a mean of 3.1 ± 3.5 years after surgery. The remaining patients were lost to follow-up. Computed tomography angiograms were performed in 1087 patients (994 in the Y group and 93 in the Aorta group), and CAG was performed in 211 patients (186 in the Y group and 25 in the Aorta group). The number of RA distal anastomoses was 1811 in the Y group and 133 in the Aorta group. All baseline clinical characteristics, perioperative data and postoperative data were collected from cardiac research databases at the institution. Late mortality and clinical outcomes were collected until December 2016 by reviewing medical records, conducting telephone interviews and searching the cause of death statistics provided by Statistics Korea. The mean followup duration was 7.3 ± 3.5 years (range 0.1-15.3 years). The study protocol was approved by the institutional review board of Yonsei University College of Medicine. Individual patient consent was waived, because this study was retrospective and did not interfere with patient treatment.
Operative technique
The basic operative procedures and graft strategy have been previously described [6] . The revascularization strategy was determined according to the patient comorbidities, degree of stenosis, diameter of the target coronary vessel, quality of the distal vascular bed, atherosclerotic status of the ascending aorta, LIMA flow and surgeon's preference [7] .
The operations were performed under OPCAB through a median sternotomy. The RA was preoperatively evaluated, and the adequacy of the ulnar artery and collateral flow from the nondominant forearm were assessed by the Allen's test or dynamic Doppler ultrasound. Patients with the following criteria were excluded from the study: (i) a history of vasculitis or Raynaud's syndrome, (ii) non-palpable ulnar arteries, (iii) a positive modified Allen's test or (iv) greater-than-Stage 4 chronic kidney disease (glomerular filtration rate <30 ml/min). The RA was harvested in a pedicle method using a Harmonic scalpel (Ethicon Endosurgery, Cincinnati, OH, USA) to minimize arterial wall damage. Intravenous calcium channel blockers were administered during graft preparation and the perioperative period to prevent spasms. The composite Y anastomoses between the LIMA and RA were performed by continuous 8-0 polypropylene sutures. The aortic anastomoses were performed by continuous 6-0 polypropylene sutures using partial aortic clamping (before January 2010) or a Heartstring proximal seal device with epiaortic ultrasonography to evaluate the atheromatous status of the ascending aorta. The LIMA was usually used to graft the LAD. RA conduits were used to graft the diagonal branch in the LAD territory or the other branch in the left circumflex artery (LCX) and right coronary artery (RCA) territory. In our strategy, oral calcium channel blocker is mandatory for 1 year after surgery in order to prevent vasospasm, and after that, the period of use depends on the follow-up physician.
Follow-up coronary or computed tomography angiography
For the assessment of graft patency, we mainly performed postoperative multidetector computed tomography (MDCT) before discharge, 1 year after surgery and every 2 years after surgery, if possible. The image assessment of graft patency by MDCT and CAG was carried out only upon recurrent angina symptoms, recurrent myocardial infarction, newly developed wall motion abnormality at transthoracic echocardiography or a positive exercise stress test. We excluded patients who refused angiographic evaluation, had severely impaired renal function, were lost to follow-up or died. The first evaluation of postoperative graft patency was performed within 1.1 ± 2.2 years in 96.7% of patients. During the follow-up period, MDCT were performed 1.5 ± 0.8 times in 96.7% of patients and CAG was performed 1.4 ± 0.8 times in 18.8% of patients. Based on MDCT, grafts and grafted coronary arteries were categorized as 'patent' (<50% luminal stenosis), 'faint' (visualization but >50% stenosis or diffuse spasm) or 'occlusion' (non-visualization). In the case of angiography, graft patency was defined according to the FitzGibbon classification (Grade A: graft with unimpaired run-off, Grade B: reduced graft calibre >50% and Grade O: occlusion) [8] . In this study, graft occlusion was defined as faint or non-visualization on MDCT or as Grade B or Grade O on CAG. Each sequential graft was graded separately [9] . The duration of the mean angiographic follow-up after surgery was 3.1 ± 3.4 years in the Y group and 3.5 ± 3.9 years in the Aorta group.
Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics software, version 23.0 (IBM Corp., Armonk, NY, USA). All data are summarized as mean ± standard deviation or frequency and percentage. Clinical characteristics between the Aorta and Y groups were compared using the Student's t-test for means of normally distributed continuous variables and the Mann-Whitney U-test for non-parametric skewed distributions. All categorical variables were compared between the 2 groups using the Pearson's v 2 test when the number of cells with the expected frequency was > _5 and the Fisher's exact test when the number of cells with the expected frequency was <5 in any group. Using the Kaplan-Meier method, overall survival and freedom from major adverse cardiac and cerebrovascular events were determined for patients, and graft patency rates over time were assessed for each anastomosis. Inter-group comparisons were performed using log-rank tests.
We performed propensity score matching to balance confounders between groups. Propensity score was estimated by logistic regression. The following variables were used for propensity score analysis: age, gender, body mass index, smoking, hypertension, diabetes, dyslipidaemia, chronic obstructive pulmonary disease, cerebrovascular accident, chronic kidney disease, peripheral artery disease, atrial fibrillation, prior myocardial infarction, previous percutaneous coronary intervention, ejection fraction, 3-vessel coronary disease and left main stenosis >50%. Patients were matched in a 1:1 ratio using the greedy algorithm without replacement, with a caliper width of 0.2 (HosmerLemeshow goodness-of-fit; v 2 = 4.983, P = 0.759). Means were compared using the paired Student's t-test, and frequencies were compared using the McNemar test. In addition, balance was compared by the standardized difference, considering an appropriate balance when bias <10%.
The Cox proportional hazards model on overall population was used to estimate the independent effect of graft patency of the RA after adjusting for multiple baseline covariates. Modelling was done using backward elimination. All confounders with a P-value of <0.2 were included in the multivariable model. The proportional hazards assumption was confirmed by inspection of log-log curves and by examination of the Grambsch and Therneau test (time-dependent coefficient). Subgroup analysis were performed to evaluate the independent factors proved to be risk factors of RA graft patency. Based on target vessel territory and stenosis, gender or age, subgroup patency rate and intergroup comparison was conducted using the Kaplan-Meier method using log-rank tests. A P-value of <0.05 was considered to be statistically significant.
RESULTS

Patient characteristics and preoperative data
Baseline characteristics of the patients and bypass grafts are presented in Table 1 . In the unmatched population, the mean age of the Y group was higher than that of the Aorta group (62.6 ± 8.5 vs 60.5 ± 9.5, P = 0.014). In our institution, the proximal anastomosis site was decided according to the surgeon's preference, the status (length and quality) of the RA and the target stenosis. The aorta modality was used more frequently in patients with <70% stenosis of native coronary arteries, and the composite Y-grafting was used more frequently in patients with >90% stenosis. After propensity score matching, the characteristics of the 2 groups were similar.
In the unmatched population, patients receiving Y-grafts had a greater number of RA anastomoses (1.79 ± 0.68 per patient vs 1.40 ± 0.51 per patient, P < 0.001), more sequential grafts with the RA (55.6% vs 37.3%, P < 0.001) and a higher incidence of total arterial revascularization (77.9% vs 54.5%, P < 0.001) ( Table 2 ). In terms of target territories of RA grafts, LCX and RCA territories were more frequently bypassed with composite Y-grafting. There were no statistically significant differences in early complications between groups in the unmatched and matched population. Detailed results in the propensity-matched population are summarized in Supplementary material, Table S1 . The overall survival and freedom from major adverse cardiac and cerebrovascular events at 10 years were 87.2% and 78.0% in the Y group and 86.4% and 74.8% in the Aorta group, respectively. These rates were not significantly different (log-rank P = 0.987 and P = 0.830, respectively; Fig. 1A and B) . Similar results were observed for the freedom from myocardial infarction, target vessel revascularization and stroke at 10 years (Supplementary material, Fig. S1 ).
Graft patency
The overall patency rates for grafted coronary arteries based on their territories and the degree of stenosis are provided in Supplementary material, Table S2 . During the follow-up period, the RA patency rates at 5 years were 84.6 ± 1.3% in the Y group and 94.2 ± 3.2% in the Aorta group (log-rank P = 0.705, Fig. 1C ). Regarding the RA patency based on target territories, there were no significant differences between groups (LAD, LCX and RCA territories; log-rank P = 0.694, 0.879 and 0.311, respectively; Fig. 2) . Similarly, the severity of target vessel stenosis did not influence RA patency in either of the groups (Fig. 3) . Results were also similar in the propensity-matched groups (Supplementary material, Figs S2 and S3).
Results from subgroup analyses suggested that regardless of the proximal anastomosis site, the RA patency rate was significantly superior in targets of the left coronary artery (log-rank P = 0.001), targets with > _90% stenosis (P = 0.003), patients younger than 65 years (P = 0.001) and male patients (P = 0.016) (Supplementary material, Fig. S4 ). These findings were in Results from the Cox regression multivariable analysis demonstrated that the increased hazard for graft occlusion were age, female gender and grafting to the RCA territory, whereas the target vessels with stenosis of >90% (hazard ratio 0.478, 95% confidence interval 0.291-0.785; P = 0.004) were protective. The proximal anastomosis site of the RA did not significantly influence graft occlusion (P = 0.705) ( Table 3) .
DISCUSSION
In this single-centre retrospective study of RA grafts, no significant difference in the long-term patency rate according to the proximal anastomosis site was observed. The risk factors that influenced RA patency were age, female gender, severe stenosis and RCA territory of the target coronary vessel. Furthermore, the early and late clinical outcomes of RA composite Y-grafts were comparable to those of aortocoronary grafts.
Since the 1990s, the use of RA grafts has increasingly expanded. This was due to several advantages, including improvements in the harvesting technique, easy handling due to the relatively thicker muscular arterial wall, a sufficient length available for bypassing (even in the distal coronary territory), the ability to adapt to higher arterial pressures and the capacity for large calibres to match most of the coronary arteries [10] [11] [12] . For this reason, multiple studies have shown excellent clinical outcomes and acceptable angiographic short-and mid-term patency rates of RA [13] [14] [15] . In our institution, the secondary conduit, such as RIMA, RA or vein grafts, was selected based on the surgeon's preference, degree of stenosis, diameter of the target coronary vessel, quality of the distal vascular bed and LIMA flow [7] . Only the RA graft in the current study was selected and reviewed according to the proximal anastomosis site. However, there are limited data on the long-term patency of these grafts between aortocoronary and composite Y-graft configurations.
The aortocoronary graft and composite Y-graft configurations have inherently different characteristics. The use of the composite graft has several advantages, as it decreases stroke rate by avoiding ascending aortic manipulation and is sufficiently long enough for complete arterial revascularization to be performed. There has been a concern that a composite graft may not supply sufficient blood flow to the whole ischaemic myocardium, because it is dependent on the single inflow from the LIMA [16, 17] . Moreover, it could result in a potential steal phenomenon of the LIMA by the RA graft and lead to obstruction of the internal mammary artery graft. On the other hand, the aortocoronary graft might be exposed to higher pressure or shearing stress afforded by the direct aortic connection, which could overcome the competitive flow related to spasms or occlusions. These haemodynamic changes could then lead to accelerated intimal hyperplasia with endothelial injury, and the graft may consequently fail due to the progressive atherosclerotic process [15, 18, 19] . The calibre mismatch between the ascending aorta and the RA graft may also influence its patency [20] .
Our study demonstrates that the mid-term patency and clinical outcomes of composite grafts were equivalent to those of aortocoronary grafts. Although the number of patients who underwent bypass with the ascending aorta was too small to provide a definitive explanation for graft patency, our findings were consistent with those of Maniar et al. [21] . They demonstrated that the proximal anastomosis site did not appear to affect RA patency [70% (T-graft) vs 75% (aortocoronary), P = 0.42], and both target location (LCX and RCA) and target stenosis (<90%) remained to be independent predictors of graft occlusion. Barner et al. [22] reported that radial T and free grafts had similar longterm patency rates at 10 years (62.9% vs 75.4%, P = 0.146). In contrast to our results, Jung et al. [9] have demonstrated excellent 5-year patency rates in aortocoronary grafts (74.3% vs 65.2% in the T-graft) as a result of higher drive pressures and flow conditions caused by aorta-RA anastomosis.
The exact cause for these conflicting results is unclear. In addition, there are still some concerns about RA graft occlusion, such as vasospasm, development of intimal hyperplasia, graft atherosclerosis and competitive flow [11, 20, 23] . RA patency is closely related to the magnitude of the distal run-off, which is influenced not only by the degree of target stenosis but also by the quality of the distal arterial bed, location of the target vessel, surgical technique and experience of the surgeon [7, 24] .
In our study, a multivariable Cox regression model identified the following factors as significant independent predictors of graft occlusion: older age, female gender, bypassing the RCA targets and moderate stenosis (<90%) of the target vessel. The patency in the Aorta group was consistent, regardless of the degree of stenosis, target territory, age and gender. However, the severity of stenosis and the location of territory in the native target coronary vessel have already been described as the most important factors determining RA graft patency [15, 21, 25, 26] . Entire cohort and intragroup (LAD, LCX vs RCA) comparisons of RA graft patency according to bypassed territories showed that the RA bypassing to the RCA elicited poorer outcomes than LAD and LCX, especially in the Y group (log-rank P = 0.001). Moderate stenosis of the target vessel (<90%) was also associated with poorer outcomes in both the entire cohort and Y group. These findings were somewhat consistent with those of previous studies [27, 28] and may be due to differences in the distal run-off between the left and right coronary system, because the RCA territory has a larger diameter and higher flow than other native coronary arteries. As the left coronary system had been bypassed by LIMA, which was used to graft the most important myocardial territories, we showed better graft patency of the left territory.
Moreover, The American College of Cardiology Foundation (ACCF)/American Heart Association (AHA) Guidelines have recommended that the use of a RA graft may be reasonable when grafting left-sided coronary arteries with >70% of stenosis and right-sided arteries with > _90% of stenosis that perfuse the left ventricular myocardium [29] . In the current study, a degree of stenosis did not influence RA patency in the 2 groups. Also, there were no differences between the propensity-matched groups (Supplementary material, Fig. S3 ).
It is unclear why female gender would be associated with decreased graft patency. However, several studies have reported that the functional behaviour and morphometry of RA in females are significantly different than those in males [23, 30] . Compared to RA grafts from males, those from females are more sensitive to the actions of vasoconstrictors (noradrenaline) and are less sensitive to the relaxant effects of sodium nitroprusside. Because the lumen of the RA is smaller in females with a lower body mass index than males, based on Poiseuille's law, the degree of the increase in resistance and the extent of the reduction in the rate of blood flow would likely be greater in females than in males [30] . Therefore, these differences may lead to an increased development of graft occlusions in females.
Limitations
This study has several limitations. First, this was a nonrandomized, retrospective study. Second, selection bias may be present, as the study population was heterogeneous, and the number of patients with aortocoronary grafts was very small. After propensity score matching, the graft patency was also similar when compared to the unmatched population (Supplementary material, Fig S2 and S3) . Since the number of patients was relatively small, we considered that unidentified confounding bias may have influenced the results despite the propensity-matched comparison. To avoid statistical errors, the results based on matched or unmatched data need to be interpreted with caution. Third, the timing of the RA graft occlusion before computed tomography or CAG was unknown and assumed to be the same as the date of evaluation of MDCT. Although invasive CAG is the gold standard, the diagnostic accuracy of MDCT for the assessment of graft patency has significantly improved. Fourth, data on postoperative medication use, preoperative conduit quality, target vessel size and distal run-off were not collected. All of these factors may also affect graft patency. Finally, although each anastomosis in the sequential bypass grafts were considered as a separate graft, those grafts could affect the distal graft, depending on the state of the proximal graft. If the proximal anastomosis of the sequential graft was obstructed, then it would be characterized as occluded, regardless of the opening of the distal anastomosis. Sequential anastomoses may seem to have a biased influence on graft patency; however, univariate analysis did not show that sequential bypass has a direct effect on the overall patency of RA grafts.
CONCLUSION
In conclusion, graft patency and appropriate conduit choice were important predictors of long-term success in OPCAB. We demonstrated that there was no difference in RA patency rate according to the proximal anastomosis site. Worse RA graft patency was associated with older age (> _65 years), female gender, target of the RCA territory and target vessel stenosis >90%. Therefore, these results suggest that the RA as a secondary conduit can be effectively used for myocardial revascularization if the target vessel territory and stenosis are appropriately considered, regardless of the proximal anastomosis site.
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